INTRODUCTION
Plants cells, unlike animal cells, have rigid cell walls that are physically attached to one another through the middle lamella (Chebli and Geitmann, 2017; Zamil and Geitmann, 2017) . Contrary to the wound healing mechanism in animal organs, cell migration is prevented in plants due to the cell walls. Thus, plants achieve cell expansion, differentiation, development, wound healing, and responses to environmental cues by continuously processing and remodeling cell walls to overcome this physical constraint (Roberts et al., 2002; Dow and Bergmann, 2014; Chebli and Geitmann, 2017; Zamil and Geitmann, 2017) . However, little is known about how the necessary temporal and spatial precision of cell wall processing is achieved during the course of plant development.
Precise cell separation is critical for plant development, including anther dehiscence, seed shattering and germination, root emergence, and formation of stomata (Roberts et al., 2002; Ogawa et al., 2009; Wilson et al., 2011) . Organ separation, or abscission, involves cell separation that enables the fall of leaves, the discarding of flowers, the drop of fruit, and removal of diseased structures (Addicott, 1982) . Studies of floral organ abscission in Arabidopsis have revealed that activation of abscission in the abscission zone (AZ) initiates with binding of the peptide ligand IDA to the functionally redundant LRR protein kinases HAESA (HAE) and HAESA-LIKE2 (HSL2) (Jinn et al., 2000; Cho et al., 2008; Stenvik et al., 2008; Liljegren et al., 2009; Santiago et al., 2016) , leading to activation of a mitogenactivated protein kinase (MAPK) cascade consisting of MKK4/ 5 and MPK3/6 . The MAPK cascade in turn regulates transcriptional factors BREVIPEDICELLUS (also known as KNAT1), KNAT2/6, and AGAMOUS-LIKE15 (AGL15) (Shi et al., 2011; Patharkar and Walker, 2015) . Other receptor-like protein kinases EVERSHED (EVR), CASTAWAY (CST), and SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE1 (SERK1) have been suggested to act in a parallel pathway or upstream of IDA and negatively regulate abscission Lewis et al., 2010; Burr et al., 2011) . A recent study has shown that SERKs including SERK1, SERK2, SERK3 (also known as BAK1), and SERK4 function as co-receptors and form a complex with HAE/HSL2 upon binding of IDA to the receptor kinases (Meng et al., 2016; Santiago et al., 2016) , thus regulating the initiation of the floral organ abscission.
The outcome of the cellular events initiated by the activation of HAE/HSL2 receptor kinases is the expression of genes that play a role in cell wall loosening and degradation of the middle lamella in the AZ. Thus, mutations in either IDA or HAE/HSL2 bring about the maintenance of floral organs in the receptacle (Butenko et al., 2003; Cho et al., 2008; Stenvik et al., 2008; Niederhuth et al., 2013) . The terminal stage of organ separation requires finelytuned spatial and temporal control of cell wall processing. However, how plants control cell wall modifying enzymes to act in a restricted area thereby executing the final separation with precision is poorly understood. Furthermore, the separation events give rise to the temporary exposure of a new surface that must be re-sealed to reduce the vulnerability of the plant to infection.
How plants accomplish precise cell wall processing during organ separation while simultaneously protecting the newly formed cell surface is largely unknown.
Here, we have uncovered how cells in the AZ of Arabidopsis ensure that cell-cell detachment occurs over a width of only one cell and in a precisely defined region of plant tissue to bring about organ separation. Using cell-type-specific genetics and genomics approaches, we reveal that two neighboring cell types in the AZ coordinate their physiological states, and elaborate differential cellular architectures to facilitate the precise separation of floral organs, which is pivotal for the protection of the newly formed cell surfaces. We demonstrate that lignin forms a structure that acts as a molecular ''brace'' supporting the cell walls at the point of the cut on the side of the separated organs. We show that failure of this precise cell wall processing leads to impaired abscission, resulting in a greater chance of infection at the new cell surface on the plant. We also demonstrate that the process of abscission involves transdifferentiation of a non-epidermal cell type into an epidermal cell type, indicating the de novo specification of epidermal cell identity, which was thought to be restricted to embryogenesis (Javelle et al., 2011) .
RESULTS
The AZ Consists of Two Neighboring Cell Types with Distinct Cellular Activities Cell wall dissolution during organ separation increases the vulnerability of cells to biotic and abiotic stresses, and thus the separation event must be confined to a restricted area. To understand how plants control cell wall digestion in such a finely tuned manner, we investigated the spatial regulation of cell wall degradation during abscission. We examined the localization of cell wall-hydrolyzing enzymes in the AZ of Arabidopsis flowers at stage 16, during which floral outer organs are shed (Smyth et al., 1990) . SYP122 fused to GFP driven by the AZ-specific QUARTET2 (QRT2) promoter (Ogawa et al., 2009 ) was used to visualize the AZ in both the receptacle and sepal (Figures S1A and S1B) . Two different cell wall-hydrolyzing proteins, QRT2 and XTH28, were localized inside the cells in the receptacle AZ, and secreted to the apoplastic area of the AZ of the sepal ( Figure 1A ). The localizations of these two proteins in the AZ suggest that the AZ consists of two types of neighboring cells that have distinct cellular activities and may play distinct roles in organ separation.
To understand the roles of these two cell types, we performed cell-type-specific expression profile analysis. We identified the AZ cells of the receptacle as residuum cells (RECs) and those of the separated organs as secession cells (SECs) ( Figure 1B ). RECs and SECs were isolated using fluorescence-activated cell sorting of cells from transgenic plants harboring an nlsGFP-GUS construct driven by the AZ-specific QRT2 promoter (Ogawa et al., 2009) , and their transcriptomes were analyzed by RNA-sequencing (RNA-seq) ( Figure S1C ; Tables  S1 and S2 ). RECs and SECs displayed distinct expression profiles: 4,134 genes are preferentially expressed in RECs, and 2,848 genes are preferentially in SECs, while 4,471 genes are expressed in both cell types ( Figures 1C, 1D , S1D, and S2). These results were validated by promoter-reporter analyses of 23 genes showing differential expression ( Figures 1E and S3 ).
Gene ontology enrichment analysis showed that genes preferentially expressed in RECs (that are retained) were mainly associated with metabolism, biosynthesis, and organ development cellular processes, whereas genes enriched in SECs (that are lost) were mainly associated with stimulus response and senescence ( Figure 1F ; Tables S3 and S4 ). This result further indicates that RECs and SECs play distinct roles in cell wall processing.
Lignin Is Accumulated Only in SECs
RECs are non-epidermal cells that appear to be poised to switch to protective surface cells, consistent with the enrichment of genes associated with organ development. As suberin and lignin have been suggested to be major components of the protective layers formed by surface cells after organ abscission (Roberts et al., 2000; Hepworth and Pautot, 2015) , we expected that genes involved in lignin and suberin biosynthesis would be preferentially expressed in RECs. Instead, RNA-seq revealed that many genes encoding lignin biosynthetic enzymes and polymerizing enzymes such as peroxidases and laccases (Barros et al., 2015) were enriched in SECs, a result further supported by promoter-reporter analyses (Figures 2A and 2B) . This finding challenges the proposed role of lignin as a protective layer component in RECs. To understand this finding, we examined lignin localization by cell wall autofluorescence and histological staining. Autofluorescence from the cell walls was detected in the AZ of flowers at stage 15, but only in the vasculature of flowers at stage 13 ( Figure 2C ), indicating that lignin formation is arranged prior to abscission of floral organs. Consistent with the finding from the expression analysis, very little cell wall autofluorescence was seen in RECs, whereas strong fluorescence was detected in SECs of the separated sepal, petal, and stamen ( Figure 2C ). To prove that the fluorescence signal from SECs was derived from lignin, we grew flowers in a medium containing the lignin biosynthesis inhibitor piperonylic acid and surveyed the cell walls. Autofluorescence and phloroglucinol staining were substantially decreased in flowers grown in a medium containing piperonylic acid, and both autofluorescence and phloroglucinol staining recovered upon addition of monolignol lignin precursors ( Figures 2D and 2E ). These results indicate that lignin was formed in SECs, but not in RECs; therefore, lignin appears not to be part of the protective layer formed by RECs. Furthermore, lignin was present only in SECs found in other organs and plant species, such as cauline leaves of Arabidopsis (Figures 2F and 2G) , and leaves of Ginkgo biloba ( Figure 2H ), indicating that SEC-specific lignin formation is conserved in a range of plants.
RbohD and RbohF NADPH Oxidases Are Required for Lignin Formation in SECs Lignin polymerization involves peroxidase-and/or laccasemediated monolignol oxidation (Barros et al., 2015) . To identify the pathway for SEC-specific lignin formation, we used the peroxidase inhibitor salicylhydroxamic acid, which blocked lignin accumulation in SECs in the presence of monolignols and piperonylic acid ( Figure 3A) . Because peroxidases catalyze oxidation of monolignols utilizing H 2 O 2 during lignin polymerization, we inhibited the reactive oxygen species (ROS)-metabolizing enzymes superoxide dismutase (SOD), using diethyldithiocarbamate, and nicotinamide adenine dinucleotide phosphate Genes that are significantly differentially expressed are in red (cut-off values: p adj < 0.05 and log 2 fold change > 2). See also Figure S1 and Table S1 . (D) Genes that are preferentially expressed in RECs or SECs (right, cut-off values: p < 0.05 and log 2 fold change > 2). See also Figure S2 and Table S2 . (E) Maximum projection images of confocal microscopy show expression patterns of the selected genes in RECs and SECs of stage 16 flowers from transgenic plants harboring the promoter-GFP constructs. See also Figure S3 . (F) Gene ontology analysis of genes expressed in RECs and SECs using REVIGO (Supek et al., 2011) . See also Tables S3 and S4. Scale bars, 50 mm (A, B), 100 mm (E).
(NADPH)-oxidase (NOX), using diphenyleneiodonium, and we found that both inhibitors prevented lignin formation in SECs ( Figure 3A) . These results indicate that these three ROS-associated enzymes are responsible for lignin formation in SECs.
The H 2 O 2 accumulation in SECs and superoxide accumulation in RECs ( Figure 3B ) indicates a cell-type-specific ROS distribution in the AZ, which could play a role in regulating cell state decisions, as previously shown in roots (Tsukagoshi et al., 2010) . H 2 O 2 formation in SECs resulted from sequential reactions by NOX and SOD ( Figures 3C and S4A) . Four of the ten Rboh genes encoding NADPH oxidase proteins in Arabidopsis were expressed in the area around the AZ: RbohD and RbohF in both SECs and RECs, and RbohE and RbohH in the vasculature and nectary cells ( Figures 3D and S4B) . To determine the role of RbohD and RbohF NADPH oxidases in lignin formation, we analyzed rbohD/F double mutants. Lignin formation was undetectable in rbohD/F mutants ( Figure 3E ) and restored to wild-type (WT) levels when an RbohF construct was introduced into the rbohD/F mutants ( Figure 3E ). Moreover, the lack of lignin formation in rbohD/F mutants resulted in delayed abscission ( Figure 3F ). These results imply that RbohD/F provide ROS for polymerization of lignin in SECs, which is necessary for proper floral organ separation.
A Lignin Molecular Brace
As lignin is unlikely to be needed to protect the organ being shed, we hypothesized that its role is to aid in organ separation. To test this idea, we examined the lignin in SECs and observed it formed 2-3 layers of a hexagonal structure with pillars that were lignified only at the cell margins ( Figure 4A ; Video S1). We also found that the cell wall enzyme pectate lyase-like18 (PLL18) was restricted to the first layer of SECs ( Figure 4B ). This result suggests that lignin blocks the diffusion of cell wall enzymes beyond the first layer of SECs, possibly acting as a mechanical barrier to diffusion as well as acting as a ''brace,'' holding the layer of separating cells together. In support of this hypothesis, we found that the cell-wall hydrolyzing enzyme QRT2 was no longer restricted to the first SEC layer when we treated inflorescences with the lignin biosynthesis inhibitor piperonylic acid (PA) (Figure 4C ). The cell contours visualized by QRT2-mCherry were indistinct in the PA-treated sepals compared with the control ( Figure 4C ), although QRT2 expression levels were not affected by the PA treatment ( Figure S5A ). This could be due to the diffusion of the proteins away from the confines of the AZ and uncontrolled cell wall digestion outside the AZ in the PA-treated sepals, resulting in a decrease in the QRT2-mCherry in the SECs of the PA-treated sepals. We observed similar uncontrolled diffusion of a pectinase in the sepals of rbohD/F mutants that lack the lignin barrier ( Figure 4D ). Together, our findings support a role for lignin as a molecular brace.
We hypothesized that unrestrained diffusion of cell wall-hydrolyzing enzymes would dilute enzyme concentrations at abscission sites, which in turn would delay organ separation, and additionally cause organ separation at ectopic sites. The abscised layers in rbohD/F mutants had irregular surfaces on both sides of the abscission site, which was not observed in WT ( Figures 4E and 4F ). The irregular surfaces in rbohD/F were caused by the abnormal presence of SECs on the REC surface in addition to RECs ( Figure 4F ), which was associated with the lack of lignin in rbohD/F and the uncontrolled diffusion of cell wall degradation enzymes, in contrast to the tightly constrained enzymes in WT (Figures 4E and 4F) . These results indicate that the lignin brace plays a role in precise organ separation by providing a mechanical constraint to restrict the diffusion of cell wall degrading enzymes at the site of the cellcell detachment.
The Lignin Molecular Brace Is Critical for Cell Surface Integrity and Plant Fitness
The abscission process results in non-epidermal RECs becoming the new outer surface of the reproductive organ, which must provide protection against external assaults. To examine whether residual SECs that remain on the surface of RECs in the rbohD/F mutants affect the protective roles of RECs, we tested the cell surface integrity of the rbohD/F mutants by challenging plants with bacterial pathogens. We dipped flowers in a solution containing Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) for 10 min, rinsed three times, and then colony forming units were determined 5 hr after the treatment. AZ-containing regions of rbohD/F flowers at stage 16 were more susceptible to Pst DC3000 than either WT (p < 0.001; Figure 5A , Zone 1) or other regions of the same rbohD/F flowers at stages 16 and 17 (p > 0.5; Figure 5A , Zone 2). The AZ-containing regions of WT flowers at stage 16
were also more susceptible (p < 0.05) to the pathogen than WT flowers at stage 17. The AZ-containing regions of rbohD/F flowers became less susceptible to Pst DC3000 at stage 17 (p < 0.001), and this susceptibility was comparable to that of WT plants (p > 0.5; Figure 5A , Zone 1). These results suggest that the residual SECs caused by the lack of lignin due to the mutations in RbohD and RbohF rendered the new epidermal surface of the reproductive organ vulnerable to bacterial pathogens.
Non-epidermal RECs Undergo Transdifferentiation into Epidermal Cells
To further characterize the protective surface layer of RECs, we examined changes in the cell wall of RECs at different time points after abscission. Immediately after floral organ separation, RECs had a thin primary cell wall that was highly permeable to toluidine blue, indicating incomplete protection ( Figures  5B-5D , left) (Tanaka et al., 2004) . Flowers at early stage 16 started accumulating an electron-dense substance on the REC surface, which, at stage 17, infiltrated between the cells and thickened to cover the entire abscission surface, rendering the cells less permeable to toluidine blue ( Figures 5B-5D , middle). Cutin and suberin are cell wall-associated glycerolipid polymers that regulate the flux of gases, water, and solutes, thereby helping to protect plants from environmental stresses (Pollard et al., 2008) . Cuticle is assembled on the outside of the epidermal cell wall, whereas suberin is deposited on the inner side of the primary cell wall (Pollard et al., 2008) . Suberin has been proposed to be a major component of the protective layer of the new cell surface after abscission (Roberts et al., 2000; Hepworth and Pautot, 2015) . However, transmission electron microscopy revealed that an electron-dense substance was located on the outside of the residuum cell wall ( Figure 5D , middle), suggesting that it was made of cutin. We found that the electron-dense substance was degraded at stage 17 in flowers of the transgenic plants expressing the cutinase CUTICLE DESTRUCTING FACTOR1 (CDEF1) (Takahashi et al., 2010) ( Figures 5C and 5D, right) . The surface of the flowers of the CDEF1 transgenic plants was much more permeable to toluidine blue compared with RECs in WT flowers at the same developmental stage (Figure 5B, right) . We also found that genes encoding biosynthetic enzymes and transporters for cutin and/or wax, including ABCG12/CER5, ABCG11/WBC11, and ABCG32/PEC1 (Pighin et al., 2004; Bird et al., 2007; Fabre et al., 2016) , were highly enriched in RECs ( Figure S5B ). These results indicate that the electron-dense substance is made of cutin and is responsible for the surface protection against pathogens and toluidine blue.
The enhanced susceptibility to Pst DC3000 in the rbohD/F mutants ( Figure 5A ) prompted us to examine whether residual SECs on the surface of RECs in the rbohD/F mutants affect cuticle formation on the RECs. Unlike the cell wall of RECs ( Figures 5E and 5E-1) , the cuticle structure on the surface of residual SECs was indeed defective in rbohD/F mutants ( Figures 5E-2 and S5C) . Moreover, cuticle did not appear to accumulate in the cell wall junction between RECs and SECs ( Figure 5E-3) . Cuticle is the first line of defense against biotic stress. Thus, the aberrant cuticle structure of the new epidermal surface of the reproductive organ in the rbohD/F mutants resulted in an imperfect, permeable barrier rendering the reproductive organ vulnerable to bacterial pathogens (Figures 5A and 5E) .
Cuticle formation on the cell surface is a defining feature of epidermal cells (Delude et al., 2016) . Thus, our result indicates that during abscission, non-epidermal RECs have undergone transdifferentiation to become epidermal cells. Consistent with this result, we found that transcripts of epidermal specification related genes such as ACR4, ALE2, ATML1, DEK1, and PDF2 were present at high levels in RECs ( Figure 5F ) (Abe et al., 2003; Watanabe et al., 2004; Johnson et al., 2005; Tanaka et al., 2007; Takada et al., 2013) . Epidermal cell identity is considered to be acquired de novo only during early embryogenesis and maintained throughout the plant life cycle (Bruck and Walker, 1985; Javelle et al., 2011) , suggesting that the abscission process may be the only time when epidermal cell identity is specified de novo after embryogenesis.
Cell-Type-Specific ROS Accumulation and Lignin Formation
To determine the flower development stage at which the cellular identity of RECs and SECs is established, we analyzed the expression patterns of SEC-specific genes, LAC7 and GPAT5 ( Figures 2B and S3) , and the HAESA receptor protein kinase, which is expressed in both RECs and SECs ( Figure 1E ) at different flower developmental stages. Whereas the expression of HAESA was detected in the AZ from the flower bud stages, the expression of LAC7 and GPAT5 was not detectable in earlier stage flowers (bud stages and stage 13) but detected in SECs in flowers at stage 14 ( Figure 6A ). This result suggests that RECs and SECs are specified at stage 14. Yet it is possible that the cellular identity of RECs and SECs is established at earlier stages, which will require the use of a yet-to-be-identified, celltype-specific marker gene that is expressed in the AZ at earlier stages of flower development.
We further investigated the specification of the cellular identity by analyzing bop1bop2 mutants that are defective in the BOP1 and BOP2 transcriptional regulators involved in AZ formation (McKim et al., 2008) . We found that the expression patterns of HAESA and the REC-specific BP/KNAT1 expression were maintained in bop1bop2 ( Figure 6B ). Note that most of the GFP fluorescence driven by the HAESA and BP/KNAT1 promoters is hidden due to the remaining petals and sepals in bop1bop2 ( Figure 6B ). Yet the cell-type-specific patterns of ROS accumulation and lignin formation in SECs, which are also representatives of REC and SEC identities, were attenuated substantially in bop1bop2 ( Figure 6C ). These results imply that the cellular identity in the AZ of bop1bop2 is preserved and that the cellular activities in AZ require BOP1 and BOP2 (McKim et al., 2008) . In contrast, the cell-type-specific patterns of ROS accumulation and lignin formation in SECs were not affected by the hae and hsl2 mutations ( Figure 6C ).
The result obtained from bop1bop2 prompted us to look at cell-type-specific ROS accumulation and lignin formation in a number of abscission mutants. Among the haehsl2, ida, ein2, aos, and nev-7 mutants we examined, the cell-type-specific accumulation of ROS was perturbed in nev-7, in which superoxide and hydrogen peroxide were detected in both SECs and RECs ( Figure 6D) . NEVERSHED (NEV) encodes an ADP-ribosylation factor-GTPase-activating protein that is required for cell separation (Liljegren et al., 2009 ). The ectopic ROS accumulation in nev-7 resulted in lignin with an abnormal pattern without the honeycomb structure in SECs ( Figure 6D ). We found an unexpected formation of lignin in RECs of nev-7 ( Figure 6E ). In addition, the flower surface of nev-7 mutants was permeable to toluidine blue ( Figure 6F ), indicating that cuticle formation was defective. Indeed, protective materials was not visible covering the new surface, and SECs were not attached to each other in nev-7, as shown in scanning electron micrographs ( Figure 6G ). These results suggest that the cell-type-specific ROS accumulation plays a role in coordinating cellular activities in RECs and SECs.
DISCUSSION
Cell separation plays a key role in various developmental processes in plants, including seed germination, mesophyll differentiation, pollen release, fruit softening, and organ abscission, all of which requires precise cell wall breakdown and remodeling (Panteris and Galatis, 2005; Estornell et al., 2013) . The process takes place at different times and different locations, and it is likely that the detailed developmental program for each specific event is different. Nonetheless, the basic mechanism responsible for the precise remodeling of cell walls may be shared between the different cell separation events.
Our study reveals the underlying mechanism that ensures the precise processing of cell walls, involving the coordinated activity of two distinct cell types in the AZ, and the elaboration of specific cellular architectures across the AZ. We demonstrate that lignin within SEC acts as a mechanical brace that associates individual cells into a cluster and restricts cell wall enzymes to a strictly delineated region for organ separation (Figures 4 and 5) . Organ separation results in a new epidermal surface after floral organ removal, which is permeable, and therefore, vulnerable. The process of separation also ensures that the new surface elaborates a protective coat that is critical for protecting the reproductive organs from environmental harm, thereby contributing to plant fitness. Overall, our results demonstrate how plants overcome the mechanical constraint caused by having a rigid cell wall and thereby accomplish organ separation. Furthermore, as the manipulation of organ separation has been important during crop domestication, and can contribute to crop productivity (Soyk et al., 2017; Yoon et al., 2017) , we believe our findings will facilitate the development of strategies for improving crop and fruit production.
The differential localization of cell wall enzymes in neighboring cells within the AZ ( Figure 1A) implies a strategy by which cell wall detachment and the remodeling necessary for organ separation are controlled. Rab small G proteins have been implicated in protein trafficking (Vernoud et al., 2003; Kirchhelle et al., 2016) , and Rabs that display cell-type-specific expression patterns in the AZ cells may also be implicated in the mechanism (Figure S2B) . Besides regulating the secretion of cell wall degradation enzymes, it would also be necessary to restrict the movement of the secreted cell wall proteins so that they protect the walls of the newly exposed RECs. The cell wall enzymes secreted by the SECs were not detected in the apoplastic area of the RECs ( Figure 1A) . Given that the cell wall modifying enzymes diffused beyond the first layer of SECs in the absence of lignin ( Figures 4C and 4D) , this result suggests that a guided protein diffusion mechanism in the cell walls might direct the enzymes to a specific direction.
Lignin creates a relatively rigid and impermeable framework within the polysaccharide network of the cell wall. Furthermore, lignin is a feature of differentiation in many cell types, including xylem, the endocarp b layer of the silique valve, and the anther endothecium, in which the spatial pattern of lignin deposition is closely linked to the function of the cells (Roppolo and Geldner, 2012; Hofhuis et al., 2016) . Our results show that the SEC-specific lignin brace provides additional rigidity to the cell walls, possibly locking individual SECs into a cluster, and acting as an apoplastic barrier constraining diffusion of cell wall enzymes (Figure 4) . Honeycomb structures form a rigid and light-weight lattice (Mackenzie, 1999) and provide materials with transverse shear stiffness (Shi and Tong, 1995; Qiao and Wang, 2005) , thus the lignin molecular brace may provide mechanical strength to the layers of separating cells by holding them together when they abscise. Knowing that honeycomb structures, due to their high rigidity at minimal weight, have been used in various applications, including vehicle manufacture, architecture, mechanical engineering, nanomaterials, and biomedicine (Zhang et al., 2015) , it is perhaps unsurprising that we find plant cells have evolved such a structure to accomplish a potently dangerous cellular process with great accuracy.
How the specific shape of the lignin brace is formed is an intriguing question. Recent studies have revealed the molecular mechanism by which the net-like lignin structure of Casparian strips, which function to prevent the passive flow of materials such as water and solutes in plants, is built in the middle of the endodermal cells (Roppolo et al., 2011) . In contrast, the lignin brace in the AZ forms two to three layers of hexagonal structure with pillars ( Figure 4A ), which limits diffusion of cell wall digestion enzymes for accurately control organ separation. Casparian strip domain proteins (CASPs) specifically localize to the plasma membrane and determine the site of Casparian strip formation by recruiting lignin polymerization enzymes into a specific site (Roppolo et al., 2011; Lee et al., 2013) . The five genes encoding CASPs are specifically expressed in the endodermis, and 34 genes belonging to the family of CASP-like (CASPL) proteins are expressed in a highly tissue-specific manner (Roppolo et al., 2014) . CASPL proteins integrate into the CASP membrane domain when they are ectopically expressed in the endodermis, suggesting a shared role for CASPLs as transmembrane scaffold proteins (Roppolo et al., 2014) . Among the CASPL family, five genes are highly expressed in SECs ( Figure S2E ). Detailed analyses of the CASPLs present in the AZ will hopefully help to uncover the molecular mechanisms underlying the formation of the honeycomb-structured lignin brace, as well as the guided diffusion of the cell wall proteins.
It will be of interest to determine how the two neighboring cell types, RECs and SECs, are specified during abscission. We revealed that ROS accumulation in AZ displays cell-type-specificity, and requires BOP1/BOP2 and NEV (Figures 3 and 6 ). BOP1 and BOP2 are thought to function in the establishment of abscission zone, although the underlying mechanism remains uncertain (McKim et al., 2008) . Expression of IDA and HAESA is normal in bop1bop2 mutants (McKim et al., 2008) , suggesting that the AZ cells are, at least in part, specified in bop1bop2 (Figure 6B) , raising a question about how bop1bop2 results in the absence of abscission of floral organs. Our data indicate that cell-type-specific ROS production in AZ is regulated by BOP1 and BOP2 and contributes to coordinating cellular activities in RECs and SECs (Figure 6 ). Thus, identifying the link between BOP1/BOP2 and NADPH oxidases may provide further insight into the specification of RECs and SECs in AZ.
The epidermis, the outermost cell layer of plants, synthesizes the cuticle layer to minimize water and solute loss and to protect plants from various biotic and abiotic stresses (Nawrath, 2006 ). Cutin, a major component of cuticle, is a strictly epidermal property in plants, and all cuticularized plant surfaces are of epidermal origin (Delude et al., 2016) . Thus, cuticle formation on the newly exposed cell surface after abscission ( Figure 5D ) indicates that RECs have acquired epidermal cell identity de novo, which is distinct from the wound-induced suberization on damaged surfaces (Bruck and Walker, 1985; Lulai and Neubauer, 2014) . Upon wounding, rapid suberization occurs at the parenchyma cells to provide an initial protective barrier, which is followed by the formation of wound periderm, involving development of a wound phellogen (Lulai and Neubauer, 2014) . The formation of the suberized protective layer and the periderm has been also observed after leaf abscission in woody plants (Biggs and Northover, 1985) . The newly formed periderm underneath the separation layer associates with the periderm of the stem, which replaced the epidermis (Addicott, 1982) . Further investigation will be necessary to understand the relationship in surface protection mechanisms between wound healing and programmed abscission.
How cellular identity is specified is a long-standing question. Epidermal differentiation occurs continually in the differentiation zones adjacent to the shoot and root apical meristems (Abe et al., 2003) . It is known that epidermal cells are derived from protodermal cells, thus their fate is determined during embryogenesis and sustained by constant crosstalk between the epidermis and its surroundings throughout the plant life cycle (Javelle et al., 2011) . The lethality of epidermal defect mutants and the inability of plants to produce epidermis de novo in the later stages of development hamper genetic investigation of epidermal cell specification. Transdifferentiation events occurring in the single layer of RECs during abscission circumvent the limitations imposed by genetic lethality and should allow the study of how epidermal cell identity is specified de novo, how positional cues affect cell fate, how neighboring cells communicate with one another, and how the environment affects the formation of a new epidermis.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Arabidopsis
Arabidopsis plants were grown in soil in growth chambers at 22 C ± 2 C. The photoperiod was 16-h light / 8-h dark (110 mmol m À2 s
À1
). The following mutants were used in this study: rbohD (SALK_070610) (Pogá ny et al., 2009) , rbohF (SALK_059888) (Pogá ny et al., 2009) , ida-2 (SALK_133209) , hae-1hsl2-1 , ein2-1 (CS3071), aos (SALK_017756) (Matschi et al., 2015) , nev-7 (SALK_079928C) (Liljegren et al., 2009) , and bop1-4 bop2-11 (Ha et al., 2007) .
Pseudomonas
Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) was grown at 28 C in King's B medium supplemented with rifampicin.
METHOD DETAILS Plasmid Construction and Plant Transformation
Gateway Cloning Technology (Invitrogen) was used to generate plasmid constructs. For the list of plasmid constructs and primer details, see Table S5 . The plasmid constructs were introduced into plants using the floral dipping method (Martinez-Trujillo et al., 2004) . In brief, Arabidopsis flowers were dipped into a solution containing Agrobacterium tumefaciens, 5% sucrose, and 0.05% surfactant Silwet L-77 for 2 to 3 s with gentle agitation. Dipped plants were kept for 16 to 24 hours under high humidity conditions. Transformed plants were selected using antibiotics or herbicide selection markers.
Microscopy and histology
Low-magnification images were obtained using a Zeiss Discovery V12 stereo microscope. Confocal laser scanning microscopy was performed on an Olympus FV1200 with excitation and detection setup as follows: GFP 488 nm, 500-545 nm; Cherry 594 nm, 570-670 nm. For scanning electron microscopy of floral organ AZs, sepals and petals were removed prior to fixation. Following critical-point drying using an EM CPD300 (Leica), tissues were mounted onto steel stubs, coated with osmium, and observed using a Hitachi S-4800 (Tokyo, Japan). Histological sections for the light microscope were prepared using Technovit 7100 resin (Heraeus Kulzer). Embedded samples were cut into 2-mm sections using an RM2255 microtome (Leica) with TC65 tungsten carbide disposable blades (Leica) and were observed using a Zeiss Axiovert 40 inverted microscope.
For transmission electron microscopy, tissues were processed as described by Choi et al. (2011) . Inflorescences were fixed overnight at 4 C using 2% paraformaldehyde and 2% glutaraldehyde in 50 mM potassium phosphate buffer (pH 7.0), which was followed by post fixation with 1% w/v osmium tetroxide for 2 h at 4 C. The samples were washed twice in distilled water and dehydrated by incubating them in a series of ethanol (30%, 50%, 70%, and 90% for 30 min at each step) and 100% ethanol (30 min x 3 times). The samples were then infiltrated with Spurr's resin (EMS) and polymerized for 48h at 60 C. Ultrathin sections of 50 nm-thick were analyzed using a JEM-100CX-1 transmission electron microscope (JEOL, Japan).
To visualize superoxide and H 2 O 2 accumulation, inflorescences were stained with nitroblue tetrazolium (NBT) and 3,3-diaminobenzidine (DAB), respectively (Straus et al., 2010) . Briefly, the inflorescences were vacuum-infiltrated with NBT solution (0.05% in PBS) or DAB solution (0.1% in water, pH 5.8 adjusted with KOH) and incubated in the dark for 30 min for NBT and 3.5 h for DAB. After staining, inflorescences were fixed and destained in 3:1:1 ethanol:lactic acid:glycerol (bleaching solution) at 70 C until chlorophyll was completely removed and were subsequently visualized using a Zeiss Discovery V12 stereo microscope.
For permeability assays, flowers were treated with toluidine blue O (Fisher Scientific) solution in water (0.025%) for 5 min and washed with water for 2 min. Images were obtained using an AxioCam HRC camera installed on a Zeiss Discovery V12 stereo microscope.
Visualization of lignin structure
After clearing flowers, lignin autofluorescence was detected using standard GFP filter sets as previously described, with slight modifications, including an increased incubation time of up to 90 min in 0.24N HCl (prepared in 20% methanol) at 57 C (Malamy and Benfey, 1997) . When lignin was visualized together with cell wall proteins tagged with mCherry, 0.1% (w/v) berberine hemisulphate (Sigma) was used to stain lignin after clearing as previously described (Kurihara et al., 2015; Ursache et al., 2018) . Alternatively, lignin was stained with phloroglucinol-HCl [1% (w/v) phloroglucinol in 6 N HCl] and observed under a dissection microscope.
Pharmacological assays
For lignin biosynthesis inhibition assays using piperonylic acid (PA), the excised pistil-feeding assay was performed with slight modifications. Briefly, floral buds were excised from the base of the pedicel and planted into a solidified medium containing 5 mM CaCl 2 , 5 mM KCl, 1.6 mM HBO 3 , and 5% sucrose (pH 7.5) in a 24-well plate. After incubation in a growth chamber for 3 days to reach floral stage 16 in the presence and absence of 150 mM PA, monolignols (coniferyl alcohol and sinapyl alcohol in PBS, 30 mM each) were applied for 6 h, along with 100 mM diphenyleneiodonium (DPI), 250 mM diethyldithiocarbamic acid (DDC), or 150 mM salicylhydroxamic acid (SHAM).
For the ROS inhibition assays, sepals and petals from stage 16 flowers were pre-incubated in PBS (pH 7.4) for 15 min and treated with 125 mM DDC, 20 mM DPI, or 500 mM SHAM for 2 h at RT. Next, 10 mM 2 0 ,7 0 -dichlorofluorescin diacetate (DCF-DA) was added and incubated in the dark for 20 min. The samples were washed thrice with PBS to remove excess DCF-DA and were immediately visualized using an Olympus FluoView FV1200 confocal laser scanning microscope. Three independent experiments (n = 27) were performed and the representative images were shown in Figure S4 .
Gene ontology enrichment
Gene ontology (GO) analysis was performed using the Singular Enrichment Analysis of AgriGo (Du et al., 2010) with the Arabidopsis genome (TAIR10 assembly) as the input. Hypergeometric tests with Yekutieli as a multi-test adjusted method were performed using the default parameters to adjust the P value. GO terms with FDR < 0.05 were considered significantly enriched (Table S3) . REVIGO (Supek et al., 2011) was applied to summarize and visualize the GO term results as treemaps. Using SimRel semantic similarity measures, terms were clustered at a specified similarity cut-off of 0.4 (a 'tiny' REVIGO set) and were further manually modified to clarify the meaning of representative terms (Table S4 ). The treemaps shown in Figure 1F were generated using modified representative terms.
Pathogen infection assays
Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) was grown overnight at 28 C in King's B medium with rifampicin. Bacteria were collected, washed, and diluted to an OD 600 of 0.5. For infection assays, flowers at stages 16 and 17 were dipped into suspensions (OD 600 = 0.5 3 10 À9 ) of Pst DC3000 for 10 min and washed thrice with water. Bacterial colony forming units were scored from zones 1 and 2 of flower slices ( Figure 5A ) that had been rinsed for 1 h. Triplicates of 10 flowers after abscission were used for each experiment, and four independent experiments were performed.
QUANTIFICATION AND STATISTICAL ANALYSIS
H 2 O 2 production was quantified in the AZ cells of sepals and petals by measuring fluorescence intensity of 2 0 ,7 0 -dichlorofluorescin (DCF). Three independent experiments were conducted and 9 flowers were used in each experiment. Fluorescence intensity of DCF in the abscission zone area was calculated using ImageJ software with the following formula: Total fluorescence in selected AZ = Integrated density of selected region of interest (ROI) -(Area of selected ROI 3 Mean fluorescence of background readings). The fluorescence intensity of the inhibitor-treated samples was compared with the untreated control, and the relative values (%) were presented as mean (n = 27 flowers) ± SD in Figure 3C . These data were subjected to ANOVA along with the Tukey-Kramer test for the significance test.
Pathogen infection rate was quantified by scoring bacterial colony forming units from flower slices ( Figure 5A ). Triplicates of 10 flowers after abscission were used for each experiment, and four independent experiments were performed. Data are shown as mean (n = 12) ± SE. Each data point represents 120 flowers. The statistical analysis was performed by one-way analysis of variance (ANOVA) with Tukey's Honestly Significant Difference procedure in SAS statistical software package (v9.3, SAS institute Inc., Cary, NC, USA).
DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the raw data files for the RNA-seq analysis reported in this paper is GenBank: GSE110213.
